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Translational Relevance
Recently, the potent inhibitor of B-RAF V600E , PLX4720/PLX4032, was reported to induce regression of melanocytic lesions in late-stage melanoma patients. However, a significant number of these patients became refractory to the treatment, experiencing recurrence in less than one year. Previously, we identified aberrantly expressed metabotropic glutamate receptor 1 (GRM1) in ~65% of human melanoma biopsies and cell lines, suggesting the potential of developing GRM1 targeted therapies. A Phase II trial with Riluzole, an FDA approved inhibitor of glutamate release, showed mixed clinical responses with 42% of the patients exhibiting stable disease. Here, we show that Riluzole plus Sorafenib reduces the growth of wild type or B-RAF V600E human melanoma cells in vitro and in vivo. The PLX4720 and Riluzole combination has additive effects in suppressing growth of B-RAF V600E melanoma cells but less so than the Sorafenib combination in the same cells in vitro and in vivo. These results propose a therapeutic regimen using
Riluzole and Sorafenib to circumvent the drug resistance arising with the use of PLX4032 in melanoma patients.
INTRODUCTION
The incidence of melanoma has risen rapidly in the past three decades and has become a significant health risk in the United States (1). The treatment of early stage melanoma is surgical resection, with over 85% of patients in the early stages of disease experiencing long-term survival. However, when melanoma metastasizes the prognosis is poor, with few patients diagnosed with stage IV disease surviving past five years (2) . Standard cytotoxic chemotherapeutic regimens have failed to alter the outcome in patients with advanced disease (3) and only the use of biological therapies based on interleukin-2 (IL-2) demonstrate any effect in extending long-term survival (4) . Over the past decade, our understanding of the genetic alterations that lead to melanomagenesis and melanoma progression has advanced rapidly. Key signaling pathways involved in the pathogenesis and progression of melanoma, including the MAPK, PI3K/AKT, Wnt, JNK, TGF-β, NFκB, and others (5-7) suggest a molecularly complex and heterogeneous disease.
Our group has added to the understanding of aberrant signaling in melanoma by discovering that the ectopic expression of a G-protein-couple-receptor, metabotropic glutamate receptor 1 (GRM1) in melanocytes was sufficient to induce spontaneous melanoma development in vivo with 100% penetrance (8) . We also confirmed ectopic expression of GRM1 in a subset of human melanoma cell lines and biopsies (8) . To date, we have examined over 175 human melanoma biopsies as well as 25 human melanoma cell lines and found that 80% of the cell lines and over 60% of the human biopsies test positive for expression of the receptor at the level of both RNA and protein (9) , suggesting that GRM1 may be involved in the pathogenesis of a significant subset of human melanomas. Our work has recently been confirmed by a report demonstrating that transgenic mice with conditional expression of GRM1 in melanocytes developed pigmented lesions at 29 weeks after activation of the transgene with the incidence of subsequent melanoma being 100% at 52 weeks (10) .
We have worked to unravel the causes and consequences of GRM1 signaling in this disease (9) as well as design therapeutic interventions that target GRM1-signaling. Earlier, we reported in vitro and in vivo pre-clinical findings using human melanoma cell lines that are wild type in B-RAF and N-RAS (C8161) or contain an N-RAS Q61R mutation (WM239A). We demonstrated that MAPK signaling is critical in GRM1-mediated oncogenesis (9) and have also shown that activation of the receptor using known GRM1 agonists results in an up-regulation of the activated (phosphorylated) form of ERK (9) . In addition, the majority of GRM1-expressing human melanoma cell lines tested exhibited elevated levels of extra-cellular glutamate which promotes growth by activation of a glutamate autocrine loop. Suppression of GRM1 signaling by either GRM1-antagonists or a reduction in the levels of GRM1 ligand, glutamate, with a glutamate release inhibitor Riluzole, resulted in decreased cell proliferation in vitro and tumorigenesis in vivo (9) .
The US Food and Drug Administration (FDA) approved Riluzole, is a member of the benzothiazole class of compounds and acts as an inhibitor of glutamate release for the treatment of amyotrophic lateral sclerosis (ALS). The ability of Riluzole to block the release of the ligand (glutamate) for GRM1 allows it to act functionally as a putative antagonist and interfere with intracellular events that follow stimulation of this receptor. With a low toxicity profile (11, 12) , Riluzole was deemed an excellent compound to use in preliminary studies on the effects of glutamate signaling inhibition on melanoma cells (9) . To date, the reported modes of actions of Riluzole in humans are inhibition of glutamate release, inactivation of voltagedependent Na + channels, and interference with G-protein dependent signaling (11) . In melanoma cells expressing GRM1, Riluzole has been shown to inhibit cell proliferation in vitro and in vivo (9) as well as migration and invasion (13) . Recently, a Phase 0 clinical trial of Riluzole in patients with advanced melanoma was conducted with 34% of patients given Riluzole showing measurable clinical responses.
Some tumors decreased in size by over 90% and exhibited suppression of MAPK and PI3K/AKT signaling pathways in post-treatment tumor samples (14) . A recently completed Phase II trial showed no RECIST criteria responses, however, 42% of the patients exhibited stable disease suggesting that Riluzole has overall modest anti-tumor activity whose potential could be realized by combination with other anti-cancer agents (15).
As we continue with studies that target GRM1 signaling in melanoma, it is important to perform preclinical studies using potential therapeutic agents that reflect the genetic diversity of this disease. Mutations in B-RAF have been identified in 8% of all cancers including over 50% of melanomas (16) . Most of these mutations are due to the substitution of a single amino acid at residue 600 in the B-RAF kinase domain resulting in constitutive activation of the RAF-MEK-ERK signaling pathway (16) .
The small-molecule, multi-kinase inhibitor Sorafenib (17) has proven to be ineffective against melanoma as a single agent but its use in combinatorial therapies may prove more effective in the clinic. A recently described specific small molecule inhibitor specific to B-RAF kinase, PLX4720/PLX4032, was
shown to have potent anti-melanoma activity in pre-clinical and clinical studies (18) (19) (20) . However, its effectiveness has been hampered by the acquirement of drug resistance mechanisms including involvement of other RAF isoforms (21) (22) (23) (24) .
Given the high incidences of B-RAF V600E mutations and GRM1 expression in numerous melanomas, we investigate cellular responses for the combination of a RAF inhibitor with Riluzole, the putative antagonist of GRM1 signaling. Here, we provide data that demonstrates that combining inhibitors of RAF and GRM1 results in the suppression of human melanoma cell growth in vitro as well as tumorigenicity in vivo, suggesting that such a combinational therapy may be superior than either modality alone in melanoma patients. The following report describes in vitro and in vivo pre-clinical experiments using GRM1 expressing human melanoma cell lines that harbor the most common mutation B-RAF V600E , found in human melanomas. We demonstrate that the combination of Riluzole with Sorafenib appears potent in suppressing cell proliferation in vitro and in vivo in GRM1 expressing cells regardless of B-RAF status and may be a viable therapeutic clinical combination.
MATERIALS AND METHODS

Antibodies and Reagents
Antibodies against activated Caspase 3, Ki67, PARP, phospho-and total ERK, cleaved PARP, and Mcl-1 were obtained from Cell Signaling (Danvers, MA); antibody for α-tubulin, MTT cell viability assay solution 1 (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), iodonitrotetrazolium chloride, Riluzole was added in the agar underlay, as well as to the cells suspended in agar on day 1. Every other day, the vehicle, or drug(s) was again added with 250μl of complete medium. After 14 days, the colonies were stained with iodonitrotetrazolium chloride (Sigma) and photographed. The numbers of colonies were counted using Image J software. Quantitation was performed by comparing the total number of colonies from three representative photomicrographs from each experiment. The histograms represent the average of three independent experiments.
Western Immunoblots
Protein lysates were prepared as described previously (9) . Briefly, media was removed and cells were washed once with ice-cold phosphate buffered saline (PBS). After removal of PBS, the extraction buffer was added directly to the plates and cells were collected with a cell scraper. Cells were incubated on ice for 20 minutes. Cell debris was removed by centrifugation at 25,000 x g at 4ºC for 20 minutes and supernatant taken for Western immunoblot analysis. Western Blotting was carried out with anti-PARP, anti-cleaved PARP, anti-phospho ERK, anti-total ERK and anti-α-tubulin antibodies.
Xenografts in Immunodeficient Nude Mice
The Institutional Review Board approved all animal studies for the Animal Care and Facilities Committee of Rutgers University. Nude mice were purchased from Taconic (Hudson, NY). Cells were injected into 2 dorsal sites of each mouse at 10 6 cells per site. Tumor size was measured twice a week with a Vernier caliper and calculated as described (9) . Once tumor volumes reached 6-10mm 3 , mice were divided into no treatment and treatment groups. The treatment groups received either vehicle (DMSO), Riluzole (10mg/kg), Sorafenib (24mg/kg), PLX4720 (20mg/kg), or the combination of Riluzole (5mg/kg) and Sorafenib (12mg/kg) or Riluzole (5mg/kg) and PLX4720 (10mg/kg) by oral gavage daily. The doses of oral Riluzole, Sorafenib, and PLX4720 were based on published reports (11, 12, 20) . The experiments were terminated when the xenografts on the no treatment group reached the maximum permitted size.
Immunohistochemistry
Tissue Analytical Services at the Cancer Institute of New Jersey performed immunohistochemical staining on excised tumor xenografts to detect changes in the number of apoptotic and proliferating cells (activated Caspase 3 and Ki-67, respectively).
RESULTS
The oncogenic transformation of various cell types by ectopic expression of GPCRs is characterized by the development of autocrine and paracrine loops that enhance cellular proliferation (25) . Three melanoma cell lines (UACC903, 1205Lu and A2058) containing the activating B-RAF V600E mutation exhibited elevated levels of extra-cellular glutamate similar to that previously described for wild type B-RAF melanoma cells, C8161 and WM239A (9) compared to cells that do not express the receptor or cells that contain a truncated, non-functioning GRM1 receptor, UACC930 melanoma cells ( Figure 1A ). MTT cell viability assays were performed to rule out that the increase in glutamate observed was not attributable to the cell lysis, establishing that the cells themselves must be excreting glutamate into their surroundings in an attempt to establish autocrine activity ( Figure 1B ). We next assessed the effects of the glutamaterelease inhibitor, Riluzole, on the growth of human melanoma cells in monolayer culture. Standard MTT assays were performed using four GRM1-expressing melanoma cell lines expressing wild type forms of B-RAF and N-RAS (C8161 and SKMEL 187) or B-RAF V600E mutation (UACC903, 1205Lu, and A2058). We found that Riluzole at concentration of 25μM or 50μM significantly decreased the number of viable cells as compared to no treatment or vehicle (DMSO) treated cells ( Figure 2A ). Melanoma cells harboring a wild type B-RAF (C8161 and SKMEL 187) were found to be much more sensitive to Riluzole than those that contained a mutant copy of B-RAF (1205Lu, UACC903). This is in support of earlier reports that indicated that since both GRM1 and B-RAF V600E stimulate MAPK signaling, one of the key signaling pathways in human melanoma leading to metastasis, abolishing GRM1 signaling alone in cells that bear B-RAF
V600E
would not abolish over-activated MAPK (9).
We next obtained the cell cycle profiles of Riluzole (10μM) treated UACC903, 1205Lu, and A2058 melanoma cells to assess the effects that it had on cell cycle progression over time. Animals were treated daily with Riluzole or vehicle (DMSO) by oral gavage. At day 18, there was a substantial difference between the tumor sizes of Riluzole-treated animals compared to controls ( Figure   2D ). Though Riluzole on its own appears effective in inhibiting proliferation and inducing apoptosis in melanoma cells harboring activating B-RAF mutations in vivo, it is less effective at doing so than in melanoma xenografts harboring wild type B-RAF (9) . Clinically, these observations suggest it is likely that administration of a single agent Riluzole will not be as effective in patients whose melanomas contain a mutated form of B-RAF. heterogeneous tumor populations in an attempt to slow the progression of this disease. We choose Sorafenib a multi-kinase inhibitor which has been shown to inhibit RAF signaling, and whose toxicity profile is known in vivo (17, 26) and PLX4720, a recently described specific small molecule inhibitor for B-RAF V600E (18) (19) (20) . We treated three GRM1-expressing human melanoma cell lines (C8161, UACC903 and 1205Lu) with Riluzole, Sorafenib, or a combination of both Riluzole and Sorafenib for seven days and assessed cell proliferation and viability using MTT assays (Figure 3 ). In the presence of Riluzole alone, C8161 cell line has the highest reduction in the number of viable cells confirming our earlier report (9) (Figure 3A ).
UACC903 and 1205Lu are also positive for GRM1 expression and harbor a mutated B-RAF (V600E).
These cell lines were not as sensitive to Riluzole (Figures 3B and 3C ). In the presence of Sorafenib, the opposite responses were observed; UACC903 and 1205Lu displayed a substantial decrease in the number of viable cells in comparison to C8161 cells. A combination of 10μM Riluzole with 5μM Sorafenib led to synergistic, inhibitory effect on the proliferation C8161 cells ( Figure 3A) , and an additive, inhibitory effect on UACC903 and 1205Lu cells (Figures 3B and 3C) when analyzed as described (27) . To assess if combining PLX4720 with Riluzole would also yield the additive effect observed with Sorafenib, we treated UACC903 and C8161 cells with Riluzole, PLX4720 or the combination of both. The IC50 for PLX4720 in UACC903 cells was determined to be 0.1μM ( Figure 3B ). UACC903 cells treated with a combination of 10uM Riluzole and half the IC50, 0.05uM PLX4720 exhibited additive inhibitory activity when compared to either single agent alone ( Figure 3B ). As expected wild type B-RAF, GRM1 positive C8161 cells show only slight inhibition in cell proliferation with higher concentrations of PLX4720 (10uM) and no increase in efficacy when combined with Riluzole (data not shown).
To further predict the results obtained in two-dimensional assays in a model more closely related to in vivo, we performed three-dimensional, anchorage-independence assays using four GRM1-positive melanoma cell lines: C8161 (wild type B-RAF and N-RAS), UACC903, 1205Lu (mutated B-RAF V600E ), and
SKMEL2 (mutated N-RAS Q61R
). In C8161 cells, we found that Riluzole at 10μM led to a 40% decrease in colony formation while Sorafenib alone had little effect ( Figures 4A and 4B) . However, the combination of Riluzole and Sorafenib had a substantial consequence resulting in a 70% decrease in colony formation ( Figures 4A and 4B) . In UACC903 cells, Riluzole alone had very little inhibitory activity while treatment with Sorafenib resulted in a 45% reduction in the number of colonies ( Figures 4A and 4B) . Furthermore, the combination of Riluzole and Sorafenib led to a drastic 90% decrease in the number of colonies in UACC903 ( Figures 4A and 4B) . In 1205Lu cells, Riluzole or Sorafenib alone yielded a 30% reduction in colony formation while the combination of both resulted in a 55% decrease in the number of colonies ( Figures 4A and 4B ). In SKMEL2, Riluzole alone had a modest effect, decreasing colony formation by 18%
while Sorafenib was more efficacious at decreasing colony formation. The combination treatment yielded a 62% decrease ( Figures 4A and 4B ) compared to the control group. These observations further strengthen our hypothesis that a combination of Riluzole and Sorafenib would be able to inhibit tumor cell proliferation more effectively than either agent alone, regardless of the presence or absence of activating mutations in B-RAF or N-RAS in the cells. Given these findings, we performed combinatorial in vivo experiments using C8161, UACC903 and 1205Lu xenografts. 
In the xenograft studies, all cell lines utilized express GRM1 but differ in B-RAF genotype with C8161 being wild type and UACC903 and 1205Lu containing the activating mutation. In C8161 xenografts, there was a significant decrease in the tumor volumes in animals treated with Riluzole alone confirming our previous report (9) . Administration of Sorafenib on its own did not yield a significant decrease in tumor size and the combination of Riluzole with Sorafenib at half the dose used in either one alone yielded a considerable reduction in tumor volume ( Figure 5A ). In the human melanoma cell lines with mutated B-RAF; UACC903 and 1205Lu, differential responses were detected. UACC903 xenografts demonstrated very similar, statistically relevant responses with Riluzole or Sorafenib alone ( Figure 5B ). The combination of Riluzole and Sorafenib yielded a higher reduction in tumor volume than either compound alone ( Figure   5B ). 1205Lu xenografts were found to be more sensitive to Riluzole, Sorafenib or the combination of both reagents when compared to UACC903 xenografts ( Figure 5C ). It was noted that 1205Lu xenografts were more responsive to the combination therapy than UACC903 xenografts in spite of their common B-RAF V600E genotype indicating that other mutations persistent in these cells must influence their response.
Additionally, immunohistochemical analyses were performed on excised xenografts using antibodies against the cleaved form of Caspase 3 to detect apoptotic cell death and Ki-67 to detect changes in cell
proliferation. An example of excised UACC903 xenograft tumors is shown. Single agent Riluzole, Sorafenib or the combination of both compounds treated samples showed a substantial increase in the number of positive Caspase 3 cells in comparison to the controls ( Figure 5E ). Conversely, the number of Ki-67 positive cells was reduced in either single agent or combined treatments ( Figure 5F ). It is equally important to point out that Riluzole had a more potent effect on C8161 and 1205Lu cell lines despite the disparity in B-RAF status than UACC903. A combination of Riluzole and Sorafenib, though at half the concentration when used alone was effective against all three xenografts ( Figures 5A, 5B and 5C) . In vivo xenograft studies were also performed to evaluate the efficacy of Riluzole and PLX4720 combination in UACC903 cells. Surprisingly, PLX4720 alone was not as potent as Riluzole ( Figure 5D ), furthermore, when we combined half the doses of Riluzole and PLX4720 we did not detect further suppression of tumor progression as we observed with similar dosing with Riluzole and Sorafenib combination (compare Figure   5B with Figure 5D ). Efficacy of combination Riluzole and PLX4720 against the wild type B-RAF melanoma cell line C8161 was not evaluated with PLX4720 in vivo as it has been shown by others to be ineffective in inducing apoptosis in vitro and in vivo (20) and has also been shown to promote cell growth through activation of the MAPK pathway in a C-RAF dependent manner (28).
Pre-clinical and clinical trials performed with Sorafenib, PLX4720 and Riluzole demonstrated a reduction in levels of activated ERK supporting the notion that MAPK is a target for all three compounds (14, 17, 20) . We performed Western immunoblots with protein lysates prepared from in vitro cultured cells or excised in vivo xenografts treated with Sorafenib, PLX4720 and Riluzole either alone or in combination as described above. Riluzole inhibits the MAPK pathway as measured by a decrease in levels of ERK phosphorylation in a cell line dependent manner ( Figures 6A and 6B) . Sorafenib was found to highly suppress ERK phosphorylation in UACC903 and 1205Lu cells than in C8161. The combination was however capable in suppressing ERK phosphorylation in all three cell lines. PLX4720 was only found to suppress ERK activity in the B-RAF V600E cell line UACC903 as a single agent or in combination but not in Figure 6C ). PLX4720, however, does not down regulate the levels of Mcl-1 either by itself or in combination with Riluzole ( Figure 6C ).
DISCUSSION
Several groups have proposed the concept that the glutamatergic system may play a role in tumor biology and intriguing links between neurodegenerative diseases and cancer have been put forth by several investigators (31, 32) . For instance, the incidence of melanoma among patients with ALS or Parkinson's disease is 2-3 times higher than that of the general population in multicenter studies in Australia and North America (33) . These observations are in line with earlier reports that elevated levels of extracellular glutamate have been detected in several human disorders including gliomas, multiple sclerosis, Alzheimer's disease, Parkinson and ALS (34, 35) , suggesting that the common root of many of these diseases may be glutamate.
Metabotropic glutamate receptors (GRMs) are members of the seven-transmembrane domain Gprotein-coupled receptor (GPCR) family (36). GRMs are divided into three groups based on sequence
homology, agonist selectivity, and effecter coupling with all GRMs having glutamate as their natural ligand.
GRM1 and GRM5 comprise Group I GRMs and are mainly involved in excitatory responses induced by strong presynaptic stimulation. Group I GRMs are coupled to a Gαq-like protein and stimulate phospholipase C beta (PLCβ) (37) . It has been reported that in melanoma cells GRM1 stimulation results in the activation of PLCβ, which in turn converts phosphatidylinositol to two second messengers, inositol triphosphate (IP 3 ) and diacylglycerol (DAG). DAG activates protein kinase C (PKC), which could stimulate both MAPK and PI3K/AKT pathways (38, 39) . Activation of these two major signaling cascades is central for transformed cell survival, migration, invasion, epithelial-mesenchymal transition (EMT), and angiogenesis (40).
Our group described a heretofore-unknown component of melanoma pathogenesis. A transgenic murine model of melanoma was constructed by the ectopic expression of GRM1 in melanocytes (8) . These mice spontaneously develop melanocytic lesions very similar to human melanoma. We have expanded these original studies and have now shown that over 60% of human melanomas express the human form of this receptor and that activation of this receptor results in activation of the MAPK and PI3K/AKT pathways in a B-RAF and N-RAS-independent fashion (9) . The functionality of GRM1 in GRM1-expressing human melanoma cells was demonstrated by the responsiveness of these cells to stimuli and inhibitors of GRM1 (9) . Studies by others showed that wild type GPCRs can become tumorigenic when exposed to an excess of locally produced or circulating ligands and agonists (41, 42) mutations in key conserved residues can have transforming activity even in the absence of their ligands (43). It has also been found that the level of expression of GPCRs is not as important to oncogenesis as the fact that the receptor is expressed (44). Based on these earlier results we assessed levels of GRM1-ligand, glutamate, and we detected elevated glutamate levels in all GRM1-expressing human melanoma cell lines (9) . Depletion of glutamate in human melanoma cells was performed using an inhibitor of glutamate release, Riluzole, led to reduced extracellular glutamate level and inhibited the proliferation of GRM1 positive cells, presumably as a result of interfering with autocrine loops through which glutamate exerts its growth promoting abilities. Riluzole, being FDA approved for the treatment of ALS was deemed an excellent compound to use in preliminary studies that could be translated clinically on the effects of glutamate signaling inhibition on melanoma cells (9) .
The Phase 0 and Phase II clinical trials with Riluzole, which functionally as a putative antagonist of GRM1 signaling has modest anti-tumor activity as a single agent (14, 15) . It is possible that activating mutations in B-RAF, or other unidentified genetic factors, affect how GRM1 expressing tumor cells respond to Riluzole therapy since GRM1 signals through other pathways, such as Wnt-β-catenin (45), in addition to the MAPK and PI3K/AKT pathways (9, 39, 46, 47) . We therefore extended our pre-clinical studies to include melanoma cells carrying the most commonly known mutations in B-RAF, (V600E). We found that melanoma cells, which harbor the B-RAF V600E mutation, were less sensitive to the single agent Riluzole in both in vitro MTT cell viability cell proliferation and anchorage independent colony assays. We began to examine different combinations of Riluzole and other inhibitors of downstream targets. We utilized Sorafenib, a small molecule inhibitor originally identified as a RAF kinase inhibitor that also inhibits several receptor tyrosine kinases involved in tumor progression and tumor angiogenesis (17) . We also investigated PLX4720, a specific B-RAF V600E inhibitor (20) . Sorafenib is FDA approved for the treatment of hepatocellular carcinoma and is also a second line agent in renal cell carcinoma. Recent reports stressing the importance of C-RAF in B-RAF wild type melanomas has revived interest in the use of Sorafenib, in combination with other agents, for the treatment of melanoma. We now report that the combination of Riluzole and Sorafenib has an additive or synergistic effect in both B-RAF mutant and B-RAF wild type melanoma cells in vitro and in vivo. In addition to B-RAF inhibition, Sorafenib is a well-documented multikinase inhibitor of VEGF and other receptor tyrosine kinases (17) . PLX4720/PLX4032 demonstrated remarkable preclinical results in in vitro and in vivo studies in suppressing melanoma cell growth. However, patients from these clinical trials were shown to become resistant to treatment with recurrence of melanoma occurring 5-9 months after start of their treatment. This stresses the need to re-examine the options in targeting melanoma effectively (48) .
In cultured cell studies, Sorafenib was not very effective in suppressing C8161 cell growth while it was effective in reducing the number of viable cells in both UACC903 and 1205Lu melanoma cell lines with 
